that the BSI originated predominantly in the ICU setting. 6 The rates of P. aeruginosa BSI have been shown to increase exponentially across age and a male predominance has been found. 4, [7] [8] [9] Studies looking at case matched analysis of risk factors for P. aeruginosa BSI are few. Joo et al performed a case-control study to look at nonneutropenic patients with a solid tumor. They found that the independent risk factors for a P. aeruginosa BSI were the presence of lung cancer and previous antimicrobial therapy. 10 The strictness of definition for source of infection varies between studies. Marra et al required the identification of the same isolate from the BSI at a secondary site. They found that the most frequent sources of BSI was the respiratory tract and central venous catheters. 6 Kang et al also found other primary sites of infection to be important including the urinary tract, and soft tissue. 7 Chen et al were one of the first groups to identify the pancreatobiliary tract as a potential source of BSI. 11 The mortality from a P. aeruginosa BSI is significant and has been found to be up to 42%, depending on the population studied. 9, [12] [13] [14] [15] Risk factors for in-hospital mortality in P. aeruginosa BSI have been focused upon by Joo et al. They found in their population the risk factors of corticosteroid use, nosocomial acquisition, polymicrobial infection, an increasing Charleston weighted comorbidity index, and ICU care to be associated with death on multivariate analysis. 9
Ventilator-Associated Pneumonia
The published epidemiology of most studies on VAP reflects the fact that VAP can be caused by a large range of bacterial pathogens. If we focus on the small number of studies looking at P. aeruginosa alone, the patients tend to be predominantly male with a mean age greater than 50 years. [16] [17] [18] [19] Peña et al found that 58% of patients with non-multidrug resistant (MDR) P. aeruginosa pneumonia had underlying comorbidities and this increased to 85% in the MDR group. 16 The rate of septic shock at presentation varies between studies from 10.2% to 49.2%, reflecting the differing patient populations studied. 18, 19 Planquette et al described a large cohort of patients with VAP caused by P. aeruginosa. The median time to VAP onset was 12 days (interquartile range [IQR], 8-20 days) . The majority of patients experienced one episode of pneumonia and 62 of the 314 patients experienced a recurrence. Approximately one-third of patients experienced a treatment failure at day 14 either defined as a recurrence or death. On multivariate analysis, the factors significantly associated with treatment failure as opposed to discharge from ICU at day 14 were limitation of life support in the first 48 hours of ICU stay, vasopressor therapy, delay to first VAP onset of less than 12 days, and a MDR or an extensively drugresistant (XDR) pathogen. The crude ICU mortality was 38.5%. 18 Similar figures of 44.5 and 42.1% have been found by other cohorts studying P. aeruginosa VAP. 17, 19 Epidemiology of Carbapenem Resistance Laboratory Definitions Two important changes have been made to the definitions surrounding carbapenem resistance and P. aeruginosa that are important to mention in this discussion. First in 2011, new standardized definitions were proposed for MDR, XDR, and pan drug-resistant (PDR) bacteria in response to the variable definitions of these terms in the medical literature. Epidemiologically significant antimicrobial categories were constructed for each bacterium. MDR was defined as acquired nonsusceptibility to at least one agent in three or more antimicrobial categories. XDR was defined as nonsusceptibility to at least one agent in all but two or fewer antimicrobial categories and PDR was defined as nonsusceptibility to all agents in all antimicrobial categories. 20 It is important to note that MDR is not synonymous with carbapenem resistance. Secondly in 2012, the Clinical Laboratory Standards Institute lowered the breakpoint for sensitivity for carbapenems (excluding ertapenem) in P. aeruginosa isolates in the routine laboratory setting. This was to capture isolates expressing resistance mechanisms in the previously defined susceptible range. A breakpoint of less than or equal to 2 mg/L was the new definition of susceptibility to meropenem. 21 The current European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines also define an identical susceptibility breakpoint for meropenem and P. aeruginosa. 22
Rates of Carbapenem Resistance
Croughs et al published 13 years of susceptibility data on P. aeruginosa isolates from ICUs in the Netherlands. In 2008, 8.3% of P. aeruginosa isolates were resistant to carbapenems and this had increased to 17% by 2010. This change was statistically significant. 23 Slekovec et al looked at P. aeruginosa susceptibility trends in six French hospitals over 2001 to 2011. The majority of isolates were from BSIs. The proportion of carbapenem resistant isolates significantly increased over this time to over 25% of the isolates. The proportion of MDR isolates was 20% in 2001 and had a nonsignificant decrease over the time period studied. 24 Turning to the United States, Eurofin's surveillance network database collects routine clinical microbiology data, from a nationally representative sample of microbiology laboratories in 217 hospitals. 25 Laboratories are included based on their geography and the demographics of the population they serve. Zilberberg and Shorr examined the data on P. aeruginosa isolates originating from pneumonia or BSI infections from 2000 to 2009. They found a net small rise in MDR P. aeruginosa from 10.7% in 2000 to 13.5% in 2009 among BSI isolates and from 19.2% in 2000 to 21.7% in 2009 among pneumonia specimens. For BSI isolates, the likelihood of a MDR isolate originating from the ICU was double that from a non-ICU location. 25 The USA Healthcare Safety Network found that in 2009 to 2010, 26.1% of catheter-associated BSIs and 30.2% of isolates from VAP were MDR. 26 In the data discussed there is evidence of geographical, hospital-specific, and intrahospital variation. consistent identification of particular antibiotics between studies is most likely due to the heterogeneity of the patients being studied, varying antibiotic usage patterns, the type of study being performed, and the varying sample sizes in the studies. In the P. aeruginosa BSI literature, other identified independent risk factors for carbapenem resistance have included transfer from another facility, longer duration of hospital stay, ICU admission, arterial catheter administration, and higher number of total white blood cells on the day of diagnosis. 27, 28, [30] [31] [32] Johnson et al published a large retrospective cohort study on P. aeruginosa BSI and focused on MDR. They found previous transplantation, hospital acquired BSI, and prior ICU admission, all independent risk factors for MDR isolates. 13 A large prospective observational cohort study by Morata et al found that the independent risk factors for a MDR P. aeruginosa BSI were bladder catheterization and prior steroid or antibiotic therapy use. 15 The American Thoracic Society lists several risk factors for MDR organisms (MDRO) in their guidelines for the management of ventilator, hospital, or health care acquired pneumonia. 33 As expected, some are mirrored in the risk factors already mentioned for BSI. Xie et al found that in their setting, utilization of these risk factors only had a positive predictive value of 38.2% and a negative predictive value of 63.5%. 34 This makes the point that it is important to have epidemiological knowledge relevant to the patient population in which you practice.
Outcome in the Setting of Antimicrobial Resistance
The complexity and the severity of illness in the patient who develops either a BSI or VAP make teasing out the factors affecting mortality difficult. In addition, the diagnosis of VAP is difficult to establish with complete certainty as there is no pathognomonic finding. The effect of P. aeruginosa antibiotic resistance on outcome in the setting of BSI has been variable results. A higher 30-day mortality rate in the setting of MDR P. aeruginosa bacteremia was seen in the observational studies by Morata 15, 28, 35 However, no significant difference in mortality was seen in P. aeruginosa BSI caused by either carbapenem resistant or MDR P. aeruginosa in four further studies. 13, 31, 36, 37 Specifically in the MDR P. aeruginosa BSI, both lower Charleston morbidity index and a high-risk source of the bacteremia (respiratory tract, intra-abdominal, soft tissue) have been found to be independent risk factors for mortality. 30, 37 Esterly et al stratified carbapenem minimum inhibitory concentration (MIC) for P. aeruginosa BSI isolates and looked at mortality. They showed increasing MIC was an independent prediction of mortality. 38 Peña et al in a prospective multicenter observational study also found that the impact of resistance on mortality was statistically significant. This was from the 5th day after the onset of bacteremia and reached peak values at day 30. 30 Suárez et al also showed a time-dependent effect on mortality with a higher mortality in the setting of carbapenem resistance evident from 4 days after the onset of bacteremia. 14 The observed effect of antimicrobial resistance, in the setting of a BSI, on the length of hospital stay is also mixed. 13, 15, 16, 28, 36 If we turn to VAP, contrasting findings regarding the effect of antibiotic resis-tance on mortality in P. aeruginosa VAP have been observed. [16] [17] [18] 39, 40 This is also seen when recurrence of VAP has been grouped with mortality as an outcome measure. 16, 18, 40 Both Tumbarello et al and Parker et al found that MDR was associated with longer median duration of mechanical ventilation. 17, 39 
Mechanisms of Carbapenem Resistance
Pseudomonas aeruginosa can develop carbapenem resistance by several mechanisms both mutational and acquired. They include alteration in porins, enzyme production, and efflux systems. It is also possible that modification of penicillinbinding profiles may also play a role. 41 There is differing selectivity for the carbapenem affected by these mechanisms and more than one mechanism may be required for carbapenem resistance to manifest. Although porin changes are the most common cause of carbapenem resistance in P. aeruginosa, the recent predominance of successful clones carrying enzymatic resistance, particularly Verona integron-encoded metallo-beta-lactamase (VIM)-2, is of global concern.
Porin Changes
The main route of carbapenem entry into gram-negative bacteria is via the OprD porin which functions like a channel. Mutational loss of the OprD gene and hence loss of this porin is described as the most common cause of imipenem resistance in P. aeruginosa. 42 Combination of this porin change with overexpression of AmpC, an Ambler class C β-lactamase, or efflux pump overexpression is required for meropenem or doripenem resistance to manifest. 43 The exact role of the OprD porin and carbapenem resistance is still unfolding. 44 
Efflux Pumps
The terminology of the commonly observed efflux pump is a compound of designations for the pump, the linker lipoprotein, and the exit portal. The pumps can reduce drug accumulation in the bacteria. There are five superfamilies of pumps with the resistance-nodulation-division (RND) family being the most common. Several of the pumps share common substrates. For example, when the MexAB-OprM system is upregulated, this may cause reduction in meropenem susceptibility in addition to fluoroquinolone, penicillin, and cephalosporin susceptibility. Upregulation of other efflux pump systems, for example, MexCD-OprJ and MexEF-OprN confers resistance to fluoroquinolones and some β-lactams, whereas upregulation of MexXY-OprM reduces susceptibility to aminoglycosides and fluoroquinolones. 44, 45 Efflux pump upregulation can therefore be a potential cause of MDR in a P. aeruginosa isolate.
Metallo-Beta-Lactamases
Metallo-beta-lactamases (MBL) are the predominant group of carbapenemases found in P. aeruginosa. They confer resistance to all of the β lactams except aztreonam and require zinc ions for their activity. These genes are normally encoded in class 1 integrons along with other resistance determinants.
Seminars in Respiratory and Critical Care Medicine Vol. 36 No. 1/2015 allows transfer between bacteria. IMP and VIM types are the most common MBLs found in P. aeruginosa. IMP-1 was the first mobile P. aeruginosa MBL discovered in Japan in 1991. 46 Most of the IMP types have a defined geographical distribution apart from IMP-1 and IMP-7. 47 As variants are found, they are numbered sequentially. Recently, IMP-43 and IMP-44 MBLs have been described in two MDR P. aeruginosa isolates in Japan. 48 VIM was first described in 1997. 49 Of the 41 VIM types now described, many have been found in P. aeruginosa isolates (www.lahey.org/Studies). Again there is generally a defined geographical distribution of the allotypes but VIM-1 and VIM-2 have seen globally with a predominance of VIM-2. 47 Other types of MBLs in P. aeruginosa have been described, SPM-1, GIM-1, AIM-1, and FIM-1 but are not as common as the IMP and VIM types. [50] [51] [52] NDM-1 was first reported in 2009 by Yong et al in a Klebsiella pneumoniae isolate from India. 53 Subsequently, global dissemination in Enterobacteriaceae has been documented which is of major concern. 54 Emergence in P. aeruginosa was subsequently documented by Jovcic et al in Serbia in 2011. 55 A new zinc-dependent intrinsic imipenemase, P. aeruginosa 5542, dubed PIB-1 France, has just been identified by Fajardo et al. 56 
Other Beta-Lactamases
The β-lactamase enzymes are divided into four functional groups A to D. Much less common enzymatic causes of resistance in P. aeruginosa are type A or D β-lactamases. The class A serine carbapenemases described in this bacterium are either GES or KPC types. They are plasmid encoded enzymes and thus potentially transferrable. Not all GES types manifest carbapenemase activity in contrast to KPC types. A second mechanism of carbapenem resistance, such as membrane impermeability, must be present for imipenem resistance to be manifested in the setting of the GES 2 enzyme. GES enzymes have been described worldwide, as with KPC enzymes, but are less prolific. KPC enzymes are more typically described in Enterobacteriaceae but have recently also been described in P. aeruginosa. 57 Martínez et al recently published a case report of a P. aeruginosa isolate coharboring KPC-2 and an IMP-18 carbapenemase. 58 Oxacillinases or class D enzymes are common in P. aeruginosa but their spectrum is such that carbapenems are not normally a substrate. Only two OXA enzymes, OXA 40 and 198, have been described in isolated reports to express carbapenemase activity. 59, 60 
Molecular Epidemiology
Pseudomonas aeruginosa has been shown in general to have a nonclonal population structure. Recombination plays a large part in the diversity of the bacterial isolates. When a range of clinical and wider environmental isolates were studied, it was shown that clinical P. aeruginosa isolates are genotypically indistinguishable from environmental isolates. Isolates from the same clone can be found from different habitats separated by large geographical distances. [61] [62] [63] [64] In this context, a multiclonal outbreak of P. aeruginosa BSI has been described in the literature. 65 There is, however, the punctuation by highly successful epidemic clones or clonal complexes. This has been traditionally described in the CF patient population where it is not associated with MBLs. 66 The successful clones seem to be geographically isolated and have been attributed to random recombination and subsequent local transmission. 61, 64 In the non-CF setting, early studies regarding carbapenem resistance showed no evidence of clonality. 67 Since then the published literature on antibiotic resistant isolates has shown that the majority of isolates belong to a few successful clones such as ST111, ST175, or ST235. This has been seen worldwide. [68] [69] [70] [71] [72] It is felt to reflect the ability of these particular clones to acquire genetic resistance mechanisms. However, the study by Edelstein et al now provides longitudinal data showing evidence of cross-transmission of these clones, thus contributing to the spread of resistance. 72
Treatment: Bloodstream Infection Empirical Therapy
Since 1958, when colistin first became available, the range of antibiotics against P. aeruginosa has increased. We have also developed a better understanding of how to use such drugs. Gentamicin monotherapy for P. aeruginosa BSI, for example, is no longer considered adequate. 73 There are many treatment studies published regarding empirical therapy in the setting of P. aeruginosa BSI. Comparison of these observational studies is inherently difficult due to variance in factors such as patient populations, study methodology used, critical definitions, antibiotic resistance rates, and time to appropriate therapy. Morata et al on analysis of their prospective single-center cohort of P. aeruginosa BSI were able to show that inappropriate empirical therapy itself was an independent risk factor for 30-day mortality, regardless of the susceptibility pattern. 15 Appropriate therapy being defined as utilization of at least one effective antimicrobial based on in vitro susceptibilities. However, conflicting results have been obtained regarding appropriate empirical therapy and mortality benefit. 7, 15, [74] [75] [76] [77] A recent study by Schechner et al focused on mortality in P. aeruginosa BSI. They looked at patients who were found to have a BSI within 72 hours of hospital admission. The majority of infections were healthcare associated. They did not find that inadequate empirical antimicrobial therapy was a risk factor for mortality on multivariate analysis. On subgroup analysis with sepsis severity at presentation stratified, in the severe sepsis group, inadequate empirical therapy had a relative risk of mortality of 1.8 (confidence interval 1.1-2.8, p ¼ 0.051). This was not statistically significant. 12 Recent studies have focused on empirical treatment in the setting of antimicrobial resistance. MDR has been shown to be associated with a patient being more likely to receive inappropriate empirical antibiotic therapy. Identification of the patient groups who would benefit most from appropriate empirical therapy is still to occur. 14, 15, 35, 78 Definitive Therapy Evolution of Antimicrobial Resistance and Implications for Therapy McCarthy 47 mortality benefit of definitive treatment with an effective antimicrobial has been shown more consistently. 36, 74, 79, 80 Vidal et al found that inappropriate definitive therapy became an independent risk factor for death, only when the subset of patients with intravenous catheter-associated bacteremia, were excluded from the analysis. They hypothesized that this was due to a removable focus making the benefit of antibiotic therapy less easy to show. 81 The concept of using the minimum inhibitory concentration of a β-lactam antibiotic for a bacterial isolate to help guide dosing of that antibiotic has been increasingly explored. This is the minimum concentration of antibiotic that is required to inhibit the growth of the organism in vitro. We would expect appropriate antibiotic dosing to achieve antibiotic concentrations above the MIC for the sensitive bacterium. The role of achieving antibiotic concentrations above the MIC for longer time periods by dosed bolus administration or an infusion is a subject of interest. Lodise et al published one of the earliest studies utilizing piperacillin-tazobactam infusions for P. aeruginosa infection. The main source of infection in the patients studied was the respiratory tract. They aimed to obtain a free drug concentration exceeding the MIC for 50% of the dosing interval for the range of MICs in a susceptible P. aeruginosa isolate. By Monte Carlo simulation, this was found to be best achieved by a 4-hour infusion of 3.375 g every 8 hours. A total of 194 patients were included in the study and they found that in patients with an Acute Physiological and Chronic Health Evaluation Score of greater than 17, 14-day mortality was significantly lower. They also found that there were significant benefits on length of hospital stay defined from the time of sample collection. 82 Dulhunty et al focused on the ICU setting and conducted a prospective multicenter doubleblind concealed randomized controlled trial in patients with severe sepsis. Sixty patients were enrolled and the study directly compared the effects of continuous and intermittent administration of β-lactam antibiotics. They found that continuous administration achieved significant pharmacokinetic (PK) separation in time above the MIC and a higher rate of clinical cure. The study was not powered to look at survival. 83 Further studies are planned. Taccone et al presented a case report of an XDR P. aeruginosa BSI causing septic shock. In the setting of drug resistance, they administered meropenem to achieve levels four times above the MIC of the isolate for 40% of the dosing interval. The patient recovered. 84 Further studies in this area are required.
Definitive Therapy in the Setting of Antibiotic Resistance
In the setting of MDR, there are reduced antibiotic options which have led to review of older drugs such as the polymyxins and fosfomycin. These drugs would be generally used in this setting as part of an antibiotic combination. The polymyxins, colistin, and polymyxin B were initially discarded due to neuro-and nephrotoxicity. 85 Falagas et al looked at a single-center cohort of MDR gram-negative infections treated with colistin. Twelve percent of the infections were BSIs and 26.4% of the infections were due to P. aeruginosa. Of the 12 P. aeruginosa infections that received monotherapy, 9 were cured. 86 Comment cannot be made on the combination regimens containing colistin as the definition of MDR meant that prescribed therapy may have consisted of two active agents. Paul et al subsequently conducted a large single-center prospective study of all patients with a MDR gram-negative bacterial infection. This study in comparison had a higher rate of bacteremias and only utilised monotherapy with a comparator arm. Only infections caused by isolates susceptible to colistin, carbapenems, or ampicillin-sulbactam were included. The treating physician chose the antibiotic regimen and in analysis the β-lactam therapies were used as a control group. The 30-day mortality rate was 39% in the colistin group versus 28.8% in the comparator groups. This was statistically significant. On subgroup analysis of BSIs, colistin therapy was independently associated with the 30-day mortality, but not in the analysis of the overall cohort. It is important to note that the patients treated with colistin had several poorer prognostic features as compared with those treated with alternative antibiotics. Colistin was an independent risk factor for renal failure. 87 Park et al conducted a retrospective cohort study, at a single center, and focused on the treatment of monomicrobial P. aeruginosa or Acinetobacter baumannii bacteremia. Eighty-one of the 149 episodes studied were due to P. aeruginosa. Very few patients in the study received combination therapy. Seventy-three patients received appropriate empirical therapy and nine patients in total received colistin. Seven of these nine patients were dead at day 14. On multivariate analysis, adequate colistin therapy was a risk factor for mortality. 88 Unfortunately, the nonrandomized nature of the studies described does not allow for adequate control of confounding. Randomized controlled trials are required to look at colistin's efficacy and safety to guide further useage.
Fosfomycin was first available for use in 1973 and now has been revisited particularly in the setting of XDR or PDR gramnegative bacteria. Geographical variation in fosfomycin resistance has been described. Falagas et al on review of studies looking at resistance rates found a range from 50 to greater than 90% susceptibility. 89 Limited literature regarding the drug in the treatment of BSIs is published. Dinh et al prospectively followed a cohort of patients treated with intravenous fosfomycin. Of these, nine patients with a bacteremia were reported. Of these, two were caused by P. aeruginosa. The majority had a concomitant antibiotic. Four patients had a favorable outcome, three unfavorable, and two insufficient follow-up. 90 Pontikis et al in a multicenter ICU study prospectively followed all fosfomycin treated patients who were XDR or PDR and fosfomycin susceptible. Combination therapy with colistin was used. Of the 18 primary bacteremias, 11 were successfully treated. In the entire cohort, fosfomycin resistance developed in three cases. The main adverse event was reversible hypokalemia. 91 Colistin has attractive PK characteristics, with good distribution into many tissue and body fluids including cerebrospinal fluid and lung tissue. 92 The development of resistance to fosfomycin during therapy is one of the main concerns regarding utilization of this drug in the setting of MDR. 
Combination Therapy
Combination therapy was first looked at in the setting of gram-negative bacterial studies where better overall outcomes were shown. 93, 94 It is difficult to extrapolate these studies to practice today as there were small numbers of P. aeruginosa infections in the cohorts. The antibiotics used also had less intrinsic activity against P. aeruginosa than the agents we use today. In latter studies focusing on P. aeruginosa BSI, antibiotic combinations normally consisted of a β-lactam with an aminoglycoside or fluoroquinolone. Observational studies looking at definitive therapy have failed to find a benefit of combination therapy over monotherapy. 74, [79] [80] [81] 95, 96 The heterogeneity of these studies has previously been discussed. Contrasting results regarding the benefit of such therapy in the empirical setting have been seen. 13, 80 Three studies in 2013 were published on this topic. Bowers et al looked at empiric combination therapy versus monotherapy for P. aeruginosa bacteremia. They performed an international multicenter retrospective cohort study of 384 patients. They did not find on multivariate analysis that combination therapy was significantly different to monotherapy in regard to the end points studied. 97 Peña et al looked at both empirical and definitive therapy and performed a post hoc analysis of prospectively collected data. A total of 593 patients were analyzed. They found no significant difference with outcome with the utilization of single or combination drug therapy. 98 The lack of benefit of combination therapy was again reflected in Hu et al's meta-analysis of studies on this topic. 99 Why has research continued in this area? There are many postulated benefits of combination therapy. Micek et al found that appropriate initial antimicrobial therapy was administered significantly more often among patients receiving combination therapy than monotherapy. This was in the setting of limited antibiotic resistance. 75 MDR has also been shown to be associated with a patient being more likely to receive inappropriate empirical antibiotic therapy. 14, 15, 35, 78 It is postulated that combination therapy would reduce this occurrence. Drug synergy is another postulated benefit. Studies utilizing checkerboard testing, time-kill assays, or E tests among various antibiotics have shown synergy. 100, 101 As surmised by Traugott et al, clinical correlation of this testing is not clear. 102 Siqueira et al looked at morphological changes on a MDR P. aeruginosa clinical isolate and found summation of the effects in the setting of meropenem and ciprofloxacin combination therapy. 103 Combination therapy has also been found to be synergistic in pharmacodynamics (PD) models in regard to P. aeruginosa kill rate. 104 Prevention of the development of resistance is another possible benefit. In the mouse model this has been shown with the combination of tobramycin and cefepime, and meropenem and levofloxacin. 104, 105 The utilization of such therapy must be weighed up against increased expense in comparison to monotherapy, the potential for additional or additive drug toxicity and the risk of acquiring another MDRO. The clinical question remains if there is a target population that we have not yet defined in clinical studies that would benefit from combination therapy. There were two studies published in 2010 by Kumar et al which suggest this might be the case. The first study was a retrospective cohort study and then the second a meta-analysis that showed an independent survival benefit in the setting of combination antibiotic therapy for bacterial infection causing septic shock. 106, 107 Further studies are required. The literature behind the utilization of colistin or fosfomycin in an infection that has limited antibiotic treatment options has already been discussed. Other agents that are often considered are carbapenems, aminoglycosides, and rifampicin. The evidence for utilization of additional agents is mainly based on preclinical studies, case reports, or limited numbers of cases in a wider cohort. Paul et al performed a comprehensive review of colistin monotherapy versus combination therapy in the setting of carbapenem-resistant gram-negative bacteria. They did not find any benefit on all-cause mortality of the utilization of combination therapy. 108 Further research to guide management in this setting is urgently required.
Treatment: Ventilator-Associated Pneumonia
Empirical Therapy Seventy-one of the cases were VAP. Thirty percent of the strains were meropenem resistant and 38% MDR. In logistic regression analysis, infection caused by MDR P. aeruginosa isolates was independently associated with inadequate empirical therapy. The use of combination therapy in the empiric phase was independently associated with a lower risk of inadequate empirical therapy. Inappropriate empirical therapy was independently associated with mortality. Survivors who received inappropriate empirical therapy also had significantly longer median periods of postpneumonia onset mechanical ventilation. 17 Garnacho-Montero et al performed a retrospective multicenter observational cohort study in five ICUs in Spanish hospitals. One hundred and eighty-three episodes of monomicrobial P. aeruginosa pneumonia were analyzed. Inappropriate empirical therapy was independently associated with mortality. They were unable to assess whether one antibiotic regimen was superior to another. They found that the rate of appropriate initial antimicrobial treatment was significantly higher in patients with combination therapy than in monotherapy. Resistance rates of the isolates were not provided. They also found a trend toward greater in-hospital mortality in those patients receiving monotherapy in the prescribed empirical therapy regimen compared with those patients receiving combination therapy. 19 It would have been interesting to see this comparison within the group of patients with appropriate therapy and the outcome of mono and combination therapy as opposed to all patients in the study. Peña 
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were caused by MDR or XDR strains. On logistic regression, they identified inadequate empirical antibiotic therapy as a risk factor for mortality. 16 These studies in combination suggest the need for the utilization of antibiograms in the individual ICU and the use of combination therapy where there are higher rates of resistance to the mono-therapy planned. Interestingly, not all studies even agree with the importance of empirical therapy including a recent study by Planquette et al and a meta-analysis by Aarts et al looking at all causes of VAP. 18, 109 This reflects the heterogeneity of the population we are studying, varying antibiotic resistance rates, varying clinical and differing study characteristics.
Definitive Therapy
Kollef et al particularly looked at the role of de-escalation of broad spectrum antibiotic therapy once the antibiogram had been received in VAP. They studied 20 ICUs throughout the United States in a prospective fashion. They found that de-escalation of therapy was associated with a reduction in mortality on univariate analysis. 110 It is important to note that the differences in patients who did or did not have their antibiotic therapy de-escalated were not looked at. Hence, it may not be the de-escalation of therapy itself that was the cause of the better outcome in this group. Garnacho-Montero et al in their previously mentioned study on P. aeruginosa pneumonia did not find a significant difference in mortality rates between utilization of single agent appropriate definitive therapy and appropriate definitive combination therapy. Median duration of antimicrobial treatment was 14 days (IQR 10-19.5 days). In this study, survivor's length of ICU days and hospital stays were again similar between the two treatment groups as were rates of recurrent VAP. The development of resistance was documented in only three cases and in two of these cases in the setting of combination therapies. 19 Thus the routine use of combination definitive therapy is not currently supported by the literature.
However, there may be more to this story. Louie et al in a neutropenic murine model of P. aeruginosa pneumonia looked at a range of dosing combinations for meropenem and tobramycin. They found that the interaction of the two drugs was additive and suppressed all resistance amplification. 111 Optimization of antimicrobial therapy according to PK and PD principles has been demonstrated to significantly improve clinical and microbiological outcomes in ICU patients. However, achieving such optimization in the individual severely ill patient can be difficult. 112 There are few studies that have directly compared antibiotic regimens in P. aeruginosa VAP. Luyt et al compared doripenem, meropenem, and imipenem in a prospective fashion to treat P. aeruginosa VAP. The doripenem MICs of the isolates were lower than the other carbapenems studied. However, resistance rates to the antibiotics were similar. There was no significant difference in mortality rates or VAP recurrence rates between the drugs. No carbapenem was superior to another for preventing carbapenem resistance emergence. 40 Kollef et al looked at the length of antibiotic therapy in all cause VAP, in a double-blinded randomized controlled trial. They compared 7 days of doripenem therapy with 10 days of imipenem-cilastatin therapy. In the modified intention to treat analysis for P. aeruginosa VAP, the 28-day mortality was significantly higher in the shorter length doripenem arm. 113 Comparison of 8 versus 15 days of clinician chosen antibiotic therapy of all-cause VAP was compared by Chastre et al. In the subgroup of patients with nonfermenting gram-negative bacteria, including P. aeruginosa, a shorter course of antibiotic therapy resulted in a higher VAP recurrence rates although other outcome measures did not differ. 114 This suggests that shorter courses are not appropriate for P. aeruginosa VAP. Can the antibiotic therapy be tailored to the patient? In the Cochrane review regarding length of therapy in HAP, Pugh et al concluded that of the small number of studies available that looked at discontinuation strategies, the combination of clinical features and a procalcitonin level could possibly be used to guide length of therapy at the bedside. 115 
Treatment in the Setting of Antimicrobial Resistance
Intravenous colistin has so far been discussed in the context of BSI treatment. Florescu et al recently performed a systematic review and metaregression analysis regarding the utilization of colistin for VAP. The study looked at both nebulized and intravenous administration and the organisms treated included but were not isolated to P. aeruginosa. Six dual arm studies were identified, in four the route of administration was intravenous and in two inhaled. The clinical response, hospital mortality, and length of ICU stay did not differ significantly between colistin and control groups. Nephrotoxicity and neurotoxicity did not differ significantly between the arms. In the meta-analysis of the single arm studies, favorable results were shown and a low rate of nephrotoxicity. 116 Rigatto et al performed a prospective cohort study on the comparison of polymyxin B with other antimicrobials in the treatment of VAP and tracheobronchitis caused by P. aeruginosa or A. baumannii. On multivariate analysis, the use of polymyxin B and the development of renal failure during therapy were independently associated with the 30-day mortality. 117 It is clear that we need a better understanding of how to use the polymyxins and in whom. The role of combination therapy in this setting has not been addressed in the literature.
Inhalational Therapy
Local delivery of antibiotics to the respiratory tract is a subject of ongoing investigation. Theoretical benefits of local delivery include increased antibiotic concentration at the site of infection and low systemic absorption leading to decreased adverse effects and superinfection. However, few antibiotics are specially formulated for nebulized administration. Lu et al performed a randomized controlled trial on 40 patients with VAP caused by P. aeruginosa. The comparison was nebulized ceftazidime and amikacin as opposed to the intravenous combination of these drugs. After 8 days of antibiotic administration, there were similar outcomes between the groups. There was rapid and early reduction in bacterial growth in the nebulized antibiotic arm. Three adverse events related to obstruction of the respiratory filter were reported. It is important to note 13 patients had to be excluded from the study due to positive blood cultures for P. aeruginosa. 118 Larger trials are required to study this further. BAY41-6551 is a new drug-device combination that has been trialed in the setting of VAP. It consists of amikacin specially formulated for inhaled administration via a proprietary gasless vibrating mesh nebulizer which integrates with standard mechanical ventilation equipment. The aerosol contains a high proportion of fine particles, 3 to 5 µm in diameter, which is optimal for delivery to the distal airways. A dose finding study showed that it was well tolerated. 110 Arikace is a novel formulation of inhaled liposomal amikacin that has the ability to penetrate biofilms. The formulation also permits sustained release of the drug. 119 This has been studied in patients with CF but not in VAP so far.
Aerosolized colistin has been looked at in the setting of MDR P. aeruginosa. When aerosolized, the drug achieves high concentrations in the respiratory tract avoiding systemic effects. 120 Observational studies looking at the utilization of inhaled colistin, usually in the context of MDR gramnegative bacteria, have had small numbers of P. aeruginosa in the cohort and have found conflicting results. [121] [122] [123] [124] Lu et al performed a prospective study in which they compared 122 patients with P. aeruginosa or A. baumannii VAP. The MDR group was treated with nebulized colistimethate (prodrug of colistin) as monotherapy or with 3 days of intravenous aminoglycosides. The control group who all had susceptible isolates received an intravenous β-lactam antibiotic and this was combined with either an aminoglycoside or fluoroquinolone for the first 3 days. There was no difference in cure rates between the groups, mortality or recurrence of infection. However, the duration of ventilation after inclusion was longer in patients of the MDR group. Renal impairment was observed in 12% of the nebulization group. 125 Rattanaumpawan et al performed a randomized controlled trial of nebulized colistimethate as adjunctive therapy for VAP caused by gram-negative bacteria. Pseudomonas aeruginosa made up 39% of the isolates. Forty-five percent of the A. baumannii and 5% of the P. aeruginosa isolates were resistant to carbapenems, aminoglycosides, and fluoroquinolones. All patients received systemic antibiotics according to clinician decision and then were randomized to receive nebulized colistimethate or normal saline. There was no statistically significant difference in outcome between the two groups. The group that received inhaled colistimethate had significantly higher rates of bacterial eradication. There was no significant difference in renal impairment or bronchospasm between the two groups. 126 Thus, currently evidence is lacking to support the routine use of nebulized antibiotics for VAP.
Conclusion
Pseudomonas aeruginosa BSI and VAP occurs in the sick host and cause high rates of mortality. Drug-resistant isolates are an everyday reality for many hospitals and we now have evidence of the ability of certain resistant clones to spread by cross-transmission. We are attempting to treat resistant infections from a small evidence base and with the threat of limited new drugs on the horizon. Further studies looking at how we can better use our existing antibiotic armamentarium are required and the quest for new antibiotics needs to be fully supported.
Disclaimer
The views expressed in this article are the author's and not an official position of the institutions listed.
